The regional distribution of pulmonary ventilation and perfusion and regional alveolar ventilation/perfusion ratios were measured with radioactive xenon ( 133 xenon) in 10 patients with asthma in remission. Four subjects had normal ventilation distribution, four had hypoventilation in some regions and normal ventilation in others, and two patients had abnormal ventilation in almost all lung regions. The lung bases were involved most frequently and the middle zones least frequently. Correlation was good between the degree of over-all ventilatory impairment calculated from 133 xenon values and measurement of the maximal midexpiratory flow rate the same day.
INTRODUCTION
Pulmonary ventilation sometimes is unevenly distributed in patients with spasmodic asthma, even during symptom-free intervals (1) . Studies with 133xenon (133Xe) in this laboratory (2) showed hypoventilation of lung regions in symptom-free patients with asthma, and it was concluded that these regions probably had low ventilation/perfusion ratios (VA/Q). This conclusion was supported by the findings of Ledbetter, Bruck, and Farhi (3), who measured nitrogen tension in both alveolar gas and arterial blood in patients with asthma and found lung units with abnormally low alveolar VA/Q.
Recently developed 133xenon techniques were used in the present investigation of 10 patients whose asthma was "in remission." The aims were to document further the phenomenon of regional hypoventilation and to correlate it with tests of over-all pulmonary function; to detect regions with low VA/Q; to assess regional blood flow distribution; and, since most of these patients had been studied previously with 133Xe (2) , to record changes in regional function. METHODS Selection of patients. The subjects were two women and eight men, ranging in age from 21 to 51, with a mean of 36 yr, who were selected by one of us (B.R.) on the basis of the following criteria. All had been observed for several years and gave a history of recurrent episodes of bronchospasm, not necessarily related to respiratory infection. None had cough or produced sputum between episodes, and all thought they were physically fit at the time of study. All were on desensitization programs with vaccines; five were taking bronchodilator substance, and one was taking corticosteroids at the time of study.
Routine pulmonary function tests. Routine pulmonary function tests and the mXe study were performed the same day. The maximal midexpiratory flow rate The Journal of Clinical Investigation Volume 47 1968 (MMFR) and forced expiratory volume [FEV (4) ] were measured and were compared with predicted normal values (4 a). We measured the functional residual capacity (FRC) while the patient was supine using the helium-dilution method.
Cardiac output. Cardiac output was measured by dyedilution techniques several times during each`3Xe study. In four patients, Indocyanine green dye was used, and arterial blood was sampled to inscribe the dye curve. In six patients, Coomassie blue dye was used, and the curve was recorded as described in previous communications from this laboratory (5, 6) . Cardiac output was calculated from dye curves by the Hamilton method. Intravenous dye injections were made through catheters placed in the superior vena cava, the subclavian vein, or the axillary vein.
Xenon techniques. These techniques have been described in detail in previous papers (7) (8) (9) and are briefly reviewed here. The patients were studied in the supine position with five collimated scintillation counters behind each lung. Under these circumstances, there are normally no regional differences in function as measured with '3Xe. The patient wore nose clips and breathed through a rubber mouthpiece that could be connected to an open or closed breathing circuit. The closed circuit consisted of a spirometer with mixing motor, 02 inlet, C02 absorber, and a scintillation counter in the inspiratory line. The open circuit contained a dry gas meter in the inspiratory line; this device potentiometrically recorded inspired ventilation. The expiratory line contained a baffle box and a scintillation counter which monitored mixed expired 'lXe concentrations. Each experiment consisted of three separate parts: (a) 5-10 min intravenous infusion of "Xe at a constant rate of 1.0-1.5 mc/ min while the patient breathed from the open circuit, (b) 5-10 min of`8Xe rebreathing from the closed circuit, and (c) two i.v. bolus injections of the isotopes while the subject held his breath at FRC. The outputs of the scintillation counters were digitally recorded on magnetic tape which was played back through rate meters and recorded (9) .
Calculations. Regional intrapulmonary count rates were calculated by subtracting count rates due to chest wall radiation from over-all count rates. Background count rates from the chest wall during infusion and rebreathing were assumed to be the same as those recorded after completion of`3Xe washout or 20-30 min after administration of '"Xe had ceased. This approach necessarily underestimates chest wall count rates, but our findings in patients who have undergone pneumonectomy show this error to be small. ' Regional ventilation. Regional ventilation per unit lung gas volume was estimated twice in each region in nine patients by observation of regional washout once after the isotope had been rebreathed and once after it had been infused; it was estimated after infusion only in patient W. A. To facilitate observation, at the end of infusion the i.v. data.
catheter was flushed rapidly with saline. The time necessary for intrapulmonary count rates to reach one-half their initial, prewashout values (ti) was measured in minutes. ti, which is reciprocally related to ventilation per unit volume, was standardized:
where Vi represents inspired minute ventilation during washout. Thus, V is a dimensionless index of regional ventilation. On the basis of findings in normal subjects, regional V < 50 was defined as abnormal, and between 50 and 60 was defined as borderline.2 t1 was used as the basic measurement because more detailed analysis of regional washout is increasingly inaccurate (10 Over-all VA/Q is lower in the supine position than in the erect; cardiac output increases (11) and alveolar ventilation decreases (12) Over-all alveolar ventilation equals approximately 70% of total ventilation (Vi), so that in calculating V the numerical constants cancel each other. Though it is not uncommon for the V of normal regions to be < 100, it is probably conservative to set the lower limit for normal at 60, as we have done.
3The following relationship (13) serves to illustrate the above:
VA/Q = R .863 (CaO2 -CvO2) PAco2 where R is respiratory quotient, (CaO2 -Cv02) is the arteriovenous oxygen difference, and PAco, the alveolar CO2 tension. If R = 0.8, PAcO2 = 42 mm Hg, and (CaO2 -CvO2) = 40 ml/liter, VA/Q = 0.66. All of the above values are reasonable for supine subjects (11, 12) . Bates (9) . This calculation is based on the assumption that the rebreathing process proceeds to complete equilibration. However, in our calculation of regional VA/Q we assumed that the rebreathing procedure produced regional steady states. Regional 13"Xe exchange after 5-10 min of rebreathing has been described as (7):
where VA is regional ventilation, Q is regional perfusion, and a is the solubility coefficient for 133Xe (14) . It can be seen that the presence of equilibration depends on a, and given a solubility, on the size of Q in relation to VA.
At VA/Q = 1.0, FA is substantially the same as Fi, but at VA/Q = 0.5, FA is about 75% of Fi. The above equation is inaccurate, however, in that it assumes that inspired ventilation equals expired, and in that it neglects 133Xe recirculating from the periphery (7). Both of these errors tend to bring FA and Fi into closer approximation than implied by the equation but significant discrepancies are still present at low VA/Q. Because of these discrepancies, steady-state perfusion indices (Qi) were computed in addition to the usual perfusion indices (Qi):
where FA1 is regional "33Xe concentration derived from regional VA/Q and the above steady-state equation.
Figures for both Qi and Qi will be presented in this communication.
The maximal dose of radiation delivered in the course of the studies was 300 mrad to the lungs and 37 mrad to the rest of the body.
RESULTS
The MMFR was more depressed than the FEV and was abnormal in all-patients (Table I) ; the degree of abnormality was variable, reflecting relatively mild obstruction of air flow (G.H.) to severe obstruction (G.W. (15) .
Regional V were averaged to determine mean V in each patient, giving an index of over-all ventilatory abnormality as assessed by '33Xe. There was significant correlation (r = 0.71, P < 0.05) between MMFR and mean V (Fig-2) . comparisons of values in three patients. The greatest degree of improvement occurred in A.G. (Fig. 4a) , and deterioration was most marked in W.A. (Fig. 4b) . Finally, P.T. (Fig.  4 c) had clearing of one region while others became involved: this patient was the only clearcut example of this phenomenon. DISCUSSION The technique and assumptions involved in the present study have been presented previously (7) (8) (9) and are not discussed in detail here. It is necessary to note, however, that "regions" were counter fields and as such frequently did not represent an individual pulmonary lobe or segment. Overlap between counter fields was unavoidable, and the posterior position of the counters made them more sensitive to small areas of abnormality in the posterior part of the chest than to similar areas situated anteriorly. Each value recorded by a counter represented the mean behavior of the lung tissue underlying that counter. Thus, if all units within a counter field had identical degrees of function, the regional measurement would be entirely valid, whereas in a region containing units with varied degrees of function, mean regional measurements might not reflect the true level of function of any single unit. Since the basic regional measurement was the count rate, or amount of isotope, the contribution of a unit or a group of units to the regional measurement was weighted by its relative volume. Thus, difference between regions could have represented admixtures of varied volumes of units with different degrees of function. In such a model, measured interregional differences represent the minimal differences in function that can exist throughout the lung.
Despite these considerations, it is clear that in at least four patients (S.W., P.T., M.R., and K.S.) some lung regions were less well ventilated than others. It is apparent also that the VA/Q of regions which were relatively hypoventilated were lower than those of better ventilated regions in the same patient. When mixed venous and inspired gas tensions are constant, alveolar and capillary gas tensions are dependent upon local VA/Q. When differences in regional or subregional gas tension (VA/Q) are large, the efficiency of the lung as a gas exchanging system is decreased. An appropriate estimate of gas exchanging efficiency is the comparison of gas tensions in mixed alveolar gas and arterial blood. Of the respiratory gases, the arterial-alveolar nitrogen difference (a-A)DN2 is most relevant to the present studies, since this value is dependent upon variations in VA/Q and, in particular, reflects the presence of units with low VA/Q.
Using the data of Table II Table  II , and it was assumed that regional volumes were equal. Calculated (A-a)DN2 was 1-2 mm Hg in patients S.W., M.R., and P.T. This value represented minimal embarrassment of over-all gas exchange, a smaller (A-a) DN2 than that of an erect normal adult subject. We were unable to find reports of measured (a-A) DN2 in patients comparable to ours. However, (A-a) DN2 may be calculated from data reported by Ledbetter and associates (3), who used an N2 washout technique in their studies of children with asthma. Though expiratory flow rates were not stated, it is noteworthy that the (A-a) DN2 was about 2-4 mm Hg in the children with the least severe asthma. It is likely that there is a small (a-A)-DN2 in normal recumbent adult subjects due to nonregional inhomogeneities of VA/Q (17), that would not be detected by 133Xe studies. Thus it is possible that in some of our patients with abnormal lung regions the measured regional VA/Q were accurate representations of gas exchange.
Intraregional homogeneity of function was assessed by regional washout curves. tj was measured twice in each region, once after rebreathing and once after infusion (except, for technical reasons, in patient W.A.). In a region which contains two or more compartments with different VA/Q ratios, the distribution of 133Xe depends Regional Lung Function in Bronchial Asthma upon the method of administration of the isotope. ing. As shown in Fig. 5 , such washout discrepanWhen it is infused, units with low VA/Q have cies were not apparent in the present series; no relatively high 133Xe concentrations and count intra-regional heterogeneity of function was indirates, whereas the reverse is true when the isotope cated. More sophisticated analysis of regional washis inspired. Thus, washout after infusion yields out might reveal inhomogeneities of regional funcvalues that tend to reflect compartments with low tion; however, rigorous analysis of regional wash-VA/Q and washout after rebreathing reflects those out is not accurate (10 decreased V in virtually all lung regions, decreases too large to be accounted for by the factors detailed by Matthews and Dollery (10) . If the regional washouts had reflected the state of all of the lung units, the only possible explanation for the gross prolongation of all of the regional washouts would have been that these patients either were not ventilating adequately or had extraordinarily large FRC. Since neither was the case, regional washouts did not reflect the state of all lung units. Therefore, relatively well-ventilated units, although not detected in these studies, must have existed; presumably such units had high VA/Q. Since these well-ventilated units had no regional representation, and since t1 after rebreathing and after infusion were similar in G.W., it is likely that these units were relatively evenly distributed throughout the lungs and amounted to a small volume. Regions with decreased ventilation were underperfused (Fig. 3) . This underperfusion was not entirely effective from a gas exchange point of view since VA/Q was relatively low in hypoventilated regions; if there had been no change in perfusion distribution, however, over-all gas exchange obviously would have been more inefficient. The normal blood flow distribution found in patients with asthma in a previous study (2) probably was due to their upright posture; since blood flow distribution in the erect normal subject is uneven (9) , abnormalities are difficult to detect. Since it is likely that the lung parenchyma was morphologically normal in these patients, regional decreases in flow probably were functional in origin. This hypothesis is supported by the findings of Woolcock, McRae, Morris, and Read (18) , who showed that abnormalities of blood flow distribution may occur temporarily during exacerbations of asthma. Hypoventilated regions have low VA/Q and, therefore, have relatively low oxygen tension (Po2), and, since alveolar hypoxia is a known pressor agent for the pulmonary circulation (19) , regional hypoxic vasoconstriction may divert flow from hypoventilated regions. This hypothesis does not explain the severe degree of underperfusion of the right lung base in patient K.S.; though the VA/Q was lower in the hypoventilated region than elsewhere in the lung, the over-all VA/Q was high, and the hypoventilated, underperfused region may have had a Po2 of about 100 mm Hg. This value is considerably higher than that which has been shown to influence hemodynamics (19) .
The positive correlation between MMFR and the over-all ventilatory impairment is of interest. Theoretically, there is no need for such correlation, regional washouts being more analogous to tests involving inert gas washout or washin. It is apparent that both MMFR and regional washouts are sensitive to the regional and over-all increases in airway resistance that presumably constitute the major physiologic pulmonary abnormality in asthma. The correlation between mean V and MMFR (Fig. 2) would be greater if N.T. and S.W. were excluded: these patients had lower MMFR values than might be expected on the basis of their mean V. These patients also had unusually slow, regular breathing patterns, with a frequency of 3 breaths/min in S.W. and 5-6 breaths/min in N.T. Such low respiratory frequencies could result in normal values by 133Xe testing, by minimizing inequalities in ventilation distribution that were due to inequalities in regional time constants (regional resistance x regional compliance).
The four subjects who showed no abnormality of regional lung function had reduced MIMFR and, therefore, some degree of airway obstruction. This finding could mean that the obstruction was of similar, mild degree throughout the lungs. Since 133Xe methods are more sensitive to interregional differences in function than to deviations from "absolute normal," evenly distributed minor abnormalities of function could go undetected.
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If the present small series may be taken as a representative cross-section of patients with asthma, a sequence-is suggested. A relatively mild degree of obstruction (MMFR > 50%o predicted) tends to be distributed evenly throughout the lungs. Progression of the condition appears to be uneven, resulting in greater degrees of obstruction in some regions than in others and greater decreases in function in the regions most affected. Fig. 1 indicates that there may be a regional sequence of involvement, function deteriorating most often, and perhaps earliest, at the lung bases, and then at the apices, with a tendency for the middle zones to be spared; however, the findings shown in Fig. 4 c suggest that a sequence may change with time. As implied above, severe airway obstruction involves all lung zones though to different degrees in different regions. Although the reasons for these findings are not apparent, the findings themselves may be important for consideration of the pathogenesis of asthma.
